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By combining band gap engineering with the self-organized growth of quantum dots, we present a 
scheme of adjusting the mid-infrared absorption properties to desired energy transitions in quantum 
dot based photodetectors. Embedding the self organized InAs quantum dots into an AlAs/GaAs 
superlattice enables us to tune the optical transition energy by changing the superlattice period as 
well as by changing the growth conditions of the dots. Using a one band envelope function framework 
we are able, in a fully three dimensional calculation, to predict the photocurrent spectra of these 
devices as well as their polarization properties. The calculations further predict a strong impact of 
the dots on the superlattices minibands. The impact of vertical dot alignment or misalignment on the 
absorption properties of this dot/superlattice structure is investigated. The observed photocurrent 
spectra of vertically coupled quantum dot stacks show very good agreement with the calculations. In 
these experiments, vertically coupled quantum dot stacks show the best performance in the desired 
photodetector application. 



PACS numbers: 85.35.Be, 85.60.Gz, 73.21. Cd, 73.21 La, 78.67.Hc, 78.55.Cr 



O 
o 



> 
in 

t> 
o 

o 

-I— > 



T3 

c 

o 
o 



X 



I. INTRODUCTION 



InAs quantum dots (QDs) embedded in GaAs quantum 
well structures have initiated considerable research ac- 
tivities in the recent yearaVi 3 . 4 . 5 . 6 . 7 . 8 . 9 . 10 ! 11 ! 12 ! 13 ! 14 . The 
interest in QDs is mainly based on the favorable energy 
spacing of their bound electronic states and the great 
potential to adjust these properties. For the use in in- 
frared (IR) devices, the electron level structure covers 
the important spectral region between some 40 meV up 
to 400 meV. Although quantum well structures were al- 
ready successfully used for infrared (IR) light detection^, 
these structures suffer from their insensitivity to normal 
light incidence. In contrast, QDs are able to absorb ef- 
ficiently IR light under normal incidencai&iLiS, which 
considerably simplifies the layout of potential photode- 
tectors and sensor applications. Furthermore, QD struc- 
tures are expected to provide higher photocurrents and 
lower dark currents than quantum well structures due to 
the longer lifetime of the excited statesi2i2S. 

The IR photoresponse of InAs dots embedded in GaAs 
was investigated very recentljiSi 3 ^^^^ and transition 
energies between the dot ground state and the GaAs con- 
duction band were found in the 100-400 meV range. De- 
pending on the dot potential shape and the doping level, 
photodetection can even be extended into the region be- 
low 100 meV^iiSS. Furthermore the spectral response of 
such devices can be controlled through the applied bias 
allowing multiwavelength detection- 23 . It was also shown, 
that the electronic states within the QD can be tuned by 
changing the InAs dot sizeiS by incorporating an AlAs 
layer close to the QDs 11 , or by confining the QDs in an 
Al x Gai_ x As Matrix 12 ' 2 ^, which causes a higher conduc- 
tion band offset to InAs. 



In this work we design the energy level scheme of QD 
structures by combining band gap engineering with the 
self-organized growth of QDs in a superlattice structure 
(SL). A simple approach to the design of the device by 
assuming that the SL can be treated independently from 
the dots leads to reasonable predictions of the transi- 
tion energies between the InAs QD ground state and the 
continuum states of the surrounding GaAs/ AlAs system. 
Nevertheless, this approach by solving one-dimensional 
Schrodinger equations fails completely for predictions 
about bound-to-bound transitions and possible polariza- 
tion dependencies of the absorption spectra. Compared 
to regular dots, the dots inserted inside the AlAs barrier 
should exhibit pronounced changes for the delocalized 
states, while the eigenstates, which are well localized in 
the dots should be less or much less affected by the AlAs 
barriers. In fact, since the InAs dot represents a deep 
potential barrier which at the same time extends over 
a non negligible fraction of the SL unit cell, one can- 
not expect to describe accurately the continuum states 
of the dot by means of a simple 3D GaAs continuum. 
The latter would be size-quantized into 2D subbands by 
the introduction of the AlAs barrier. Hence, it becomes 
mandatory to make a three dimensional computation of 
the continuum states of the dot, if one wants to under- 
stand their photoconductive properties. We will show 
that the optical transitions within these detectors can be 
tuned by changing either the dot growth conditions or the 
SL parameters. In addition, we will compare vertically 
aligned QD stacks with those of isolated single or double 
QDs in these SL structures, in order to better understand 
the influence of the dots on the SL. Furthermore, we will 
demonstrate that the AlAs barriers of the SL reduce the 
dark current considerably, which is of great importance 
regarding the application as photodetector. 
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Table I: devices 



Device MD-A MD-B MD-C DD SD 

SL period 10 nm 11 nm 14 nm 11 nm 11 nm 

Number of QD layers 30 20 20 20 20 
Number of AlAs barriers - 20 20 40 60 



II. SAMPLE PREPARATION AND SETUP 

All samples in the following experiments were grown 
by molecular beam epitaxy on smooth semi-insulating 
GaAs (001) substrates. After depositing a 650 nm thick 
Si-doped GaAs layer the SL structure is formed, whereby 
the InAs dots were grown by the Stranski-Krastanov 
mechanism by depositing 2 monolayers of InAs. A Si- 
doped GaAs top layer covers the devices. Whereas the 
bottom contact layer was grown at 600°C, all subsequent 
layers were deposited at 485°C in order to avoid Al, Ga 
and In intermixing from the AlAs barriers, GaAs wells, 
and InAs dots. We obtain a lateral QD density of approx- 
imately 5 x 10 10 dots/cm 2 per layer. The samples differ 
in the number of QD-layers, the vertical layer spacing or 
the AlAs/GaAs SL period respectively. An overview over 
the sample parameters is given in table [I] while the basic 
device design is sketched in fig. ^ 



5.0 






4.5 






4.0 
3.5 










3.0 






2.5 




MD-B" 


2.0 






1.5 




\ MD-C- 


1.0 






0.5 




~- — \mm; 


0.0 







SD 



DD 



MD-B 
MD-C 



MD-A 

QD 

=□ GaAs 
-AlAs 



1000 1100 1200 1300 1400 

Energy (meV) 



Device schematic 



Figure 1: Interband photoluminescence spectra of the inves- 
tigated devices. On the right: Sketches of the different device 
layouts. The arrow denotes z, the growth direction. 

The first set of samples, three multiple dot (MD) device 
structures, in the following denoted as MD-A, MD-B and 
MD-C, were designed, grown and characterized. Device 
MD-A consists of periodically arranged InAs QD layers, 
which are spaced by a 10 nm thick GaAs matrix. As 
shown in a previous work^, the small separation causes a 
vertical alignment of the QDs due to their strain distri- 
bution. Device MD-B is additionally provided with 1 nm 
thick AlAs barriers at a distance of 1 nm from the QD 
layer resulting in a SL period of 11 nm. We expect that 



due to the periodic AlAs barriers the intersubband ab- 
sorption will be blueshiftcd compared to MD-A. Since the 
QD growth conditions between sample MD-A and MD-B 
were changed to obtain a higher transition energy of the 
ground state emission, we decided to design a third de- 
vice MD-C, in which the main absorption peak is tuned 
to an energy comparable to the transition of sample MD- 
A. Thus the SL period was increased to 14 nm. 

The second set of samples, a single dot (SD) and a 
vertical double dot (DD) device are fabricated by grow- 
ing one (SD) or two (DD) SL periods under the same 
conditions as device MD-B. These layers are followed by 
2 SL periods without QD layers preventing the vertical 
alignment of the QDs. This sequence is repeated several 
times in such a way that the total number of QD layers 
in all devices is 20 or 30 (only MD-A). 

To study the energy level scheme and the dark cur- 
rent behavior of the nanostructures photoluminescence 
(PL), photocurrent (PC) and current- voltage (IV) mea- 
surements were performed by mounting the devices onto 
the cold finger of a He flow cryostat system. The PL in- 
vestigations were carried out by HeNe laser excitation at 
632.8 nm, a lock-in amplifier and an InGaAs photodiode. 
For the PC measurements the devices were processed by 
photolithography and wet chemical etching into mesas. 
Furthermore, the cleaved edges of the sample were pol- 
ished in order to obtain a waveguide structure below the 
mesa. Finally, the devices were provided with back and 
front contacts made of a thermally alloyed Ni/Ge/Au 
layer. The spectral dependence of the photoresponse of 
the devices is measured in TE as well as TM geome- 
try using a standard FTIR spectrometer with a glow-bar 
infrared source and a mid-infrared polarizer. The I-V 
characteristics of the mesa structures were recorded with 
a HP 4155A semiconductor parameter analyzer. 



III. MODEL 

We used a one band envelope function framework 
where the conduction band effective mass is 0.07rno- This 
scheme has proven to be successful in interpreting the 
intricated magneto-optical spectra associated with the 
bound-to-bound transitions in the "free" InAs dots 25 
including the magneto-polaron effect. The conduction 
band discontinuity between AlAs and GaAs was taken 
equal 1.08 eV— and that between GaAs and InAs to 
0.4 eV. The dot shape was approximated by a truncated 
cone making an angle of 30° with the dot basis (see fig. 
12}. The lower (upper) radius of the cone is 10.2 nm 
(6.7 nm). The dot stays on a, d = 0.565 nm thick wetting 
layer (WL). The dot height is taken equal to 2 nm. With 
such values the energy splitting between the two lowest 
lying states (S and P"* 1 ) is about 50 meV and the energy 
distance from the ground bound state and the edge of 
the continuum is about 160 meV. Note that the latter is 
mainly determined by the vertical dimension of the dot 
while the S — P splitting is mostly governed by the lateral 
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dimensions of the dot. 
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Figure 2: schematic representation of the supercell including 
the dot and its WL. L x = 10 nm (MD-A, MD-B) or 13 nm 
(MD-C) and L AlAs = (MD-A) or 1 nm (MD-B, MD-C). 



The numerical method consists of a block diagonaliza- 
tion of the dot Hamiltonian on a large basis of 130.000 
functions^. The basis consists of plane waves, which are 
made periodic with the periodicity of a superceltfl. The 
dimensions of the supercell are 91 nm along the x, y (in- 
plane) directions and L = L\ + Lai As along the growth 
(z) directions (see figure[3J). The supercell is chunked into 
elementary cubic cells (cube side: d — 0.565 nm). Within 
each such cell the potential is constant. The first two 
hundreds eigenstates are evaluated by means of an ex- 
act diagonalization which uses the Lanczos algorithm 28 . 
Since translation symmetry in the growth direction ex- 
ists in this model, the wave vector k z is a good quantum 
number. 

A comparison between the calculated density of states 
whose wave functions are even in x and y directions for 
a single quantum dot with or without AlAs barrier is 
shown in fig. [31 for a dot plane located at ~2d from 
the AlAs barrier. In the calculation for the dot sample 
without AlAs barriers the latter was replaced by a GaAs 
layer with the same thickness. In practice, we broad- 
ened the delta function by replacing it by a Lorentzian 
of 8 meV full width at half maximum. The high energy 
cutoffs in fig. |3| are unphysical and arise from our re- 
striction to the lowest two hundreds eigenvalues of the 
conduction states. We see in fig. [31 that the AlAs size 
quantization affects the eigenstates quite differently de- 
pending on their nature: the states which are bound to 
the dots are much less affected than the WL states since 
the z extension of the latter states is larger than those 
of the formers. This implies that the absorption edge for 
bound-to-continuum transitions is blue shifted by the ex- 
tra confinement brought by the AlAs layers. The absence 
of QDs in the SL shifts the onset of the first miniband to 
higher energies above the GaAs conduction band. This 
underlines as well the strong impact of the dots on the 
energetic structure of the SL. 

To take advantage of the rotation symmetry in the 
plane existing in our dots, we then performed calculations 



Figure 3: Density of states of even-even symmetry (even wave 
function in x and y) for electron with L = 12 nm (for k z — 0) 



on a basis of Fourier-Bessel functions: 
^inq{~r') = Ci nq ■ exp(U9) ■ Ji(X l n —) ■ exp ( i— — 1 (1) 

where Ci nq is a normalization constant, I is the angular 
quantum number, are zeros of corresponding Bessel 
functions of the first kind J; and q an integer. The height 
and radius of super-cylinder are L = L\ + Laias an d 
R = 200 nm respectively. In this basis, the eigenstates 
are classified according to the z projection of the elec- 
tron angular momentum: S (I = 0), P (I = 1), D (I = 2), 
... The optical selection rules 2 ^ state that the transi- 
tions from the ground state, which is of symmetry S, to 
S symmetry states contribute to absorption with linear 
polarization in z direction while only the transitions to P 
states give rise to absorption of in-plane polarizations. In 
the calculation of the absorption spectrum, one must add 
the contribution of the first Brillouin zone k z E ] — |j, |j] . 

Once the eigenvalues and eigenfunctions known, we 
compute the absorption coefficient a (lu) as proportional 
to: 



a (u>) oc | {s\c .T^n) 8 (e 



- lo) Huj (2) 



where n labels the discretized continuum of states, e n 
the corresponding eigenenergies and ~~£ the light polar- 
ization. There is a pronounced anisotropy of the quan- 
tum dot optical absorption (see fig. 0]and fig. |SJ). Small 
asymmetry of the dot produces a double peak structure 
for in-plane absorption coefficient (fig. [31 see section IV 
for comparison with the experimental results). When 
the e-m wave is polarized along the x (or y) direction, 
there exists a very strong absorption due to bound-to- 
bound transitions, the equivalent of the S — P atomic 
absorption. Consequently, the bound-to-continuum ab- 
sorption is very weak. This is a result of the concentra- 
tion of oscillator strength in the bound-to-bound tran- 
sitions. In the explored energy range it is essentially 
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featureless: the bound-to-continuum absorption is van- 
ishingly weak at the absorption onset as a result of the 
continuum states repulsion by the dot. This repulsion de- 
creases smoothly with increasing kinetic energy since the 
dot parameters are such that there are no resonant states 
in the explored energy window with significant oscillator 
strength in this polarization. The decreased repulsion 
leads to an absorption increase. However, the absorption 
falls at high enough energy because of the decrease of 
the dipole matrix element, which is now associated with 
the destructive interference inside the dot of the initial 
and final states. Very qualitatively speaking, taking the 
final states as plane waves, we see that the absorption 
will go to zero at large photon energy since the energy 
conservation forces the final state wavevector k fi n to be 
increasingly large while the dipole matrix clement being 
the Fourier component of ~f^ s (~r*) at k f in and there- 
fore goes quickly to zero if k fi n ldat ^> 1, where Idot is 
a typical length scale of T*\E's ("r*)) in practice the dot 
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Figure 5: Absorption coefficients for x and j/-oriented polar- 
izations with L\ = 10 nm (MD-B), AlAs barrier and a slightly 
elliptical dot (R y /R x = 0.9). 
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Figure 4: Absorption coefficient for in-plane polarization with 
Li = 10 nm (MD-A and MD-B). The inset shows a zoom of 
the bound-to-continuum absorption. 

The optical absorption spectrum in the z polarization 
for the three MD structures are shown in figure [fj] The 
saw-tooth comes from the sum over a regular sample of 
the first Brillouin zone (~ 50 k z values). This absorp- 
tion is very different from the one of in-plane polarization 
and, in addition, shows a pronounced effect of the AlAs 
barriers. First, there is no bound-to-bound transition for 
the investigated dot parameters. This is because the dots 
are flat objects, which support only bound states with no 
node along the growth direction, in order to minimize the 
kinetic energy. This implies the existence of resonances in 
the continuum with nodes along z inside the dot. For the 
chosen dot parameters, the lower of these resonances falls 
in the investigated energy window. The z-dependence of 
its wavefunction resembles a sine function in the dot, 
granted that the bound state resembles a cosine function 



Figure 6: Absorption coefficient for a z-oriented polarization. 
Full line: L = 10 nm (MD-A). Dashed line: L = 11 nm (MD- 
B). Dotted line: L = 14 nm (MD-C). The same scale for the 
y-axis is used for the three samples. 



inside the dot. Thus one may expect (and does calcu- 
late) a strong absorption for photon energy equal to the 
energy difference between this resonance and the ground 
state (provided that the resonance is not too blurred by 
its interaction with the continuum). This is what hap- 
pens both with and without AlAs barriers, as evidenced 
by the low energy peak in the A, B and C spectra. 

If there were no dot, the addition of AlAs barriers 
would lead to the formation of GaAs/AlAs SL subbands. 
When dots are added, these GaAs/AlAs SL states hy- 
bridize with the InAs/GaAs SL states, viz. the res- 
onances discussed above. Thus the optical absorption 
peaks may be viewed as arising from both "intradot" 
(bound-to-resonance) transitions as well as from bound- 
to-SL continuum transitions. In particular the first con- 
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tinuum state for the z motion of a AlAs-GaAs-WL-dot- 
GaAs periodic structure is a mixture of states which peak 
in the middle of the GaAs well (GaAs/AlAs SL) and of 
states which peak in the WL or nearby the dot. It dis- 
plays a maximum near the center but also a secondary 
maximum around the QD/WL with a minimum along z 
in between (see fig. [7J|. This simplified description helps 
explaining the smooth evolution of the absorption spec- 
tra when going from sample A to sample C. Also it helps 
explaining the decrease of the integrated absorption from 
the first peak of sample A to the first peak of sample C as 
a result of the weakened absorption when one goes from a 
purely intradot transition (sample A) to transition which 
involve different spatial localization of the initial state (in 
the dot) to final state (nearby the dot and in the middle 
of the SL period). 
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Figure 7: Probability density integrated over the in-plane co- 
ordinates of the ground state and a resonant state in z polar- 
ization (for k z = and MD-B). 



IV. EXPERIMENTAL RESULTS AND 
DISCUSSION 

The PL spectra of the MD devices at 5 K shown in 
fig. ^exhibit a ground state emission around 1100 meV, 
while this emission peak gets blue-shifted to 1165meV 
and 1190 meV for the DD and the SD device respectively. 
The redshift in sample MD-A is explained by the changed 
QD growth conditions. The blue-shift of the PL energy 
of the SD and DD devices in comparison with the MD 
devices can be explained by the strain distribution in the 
absence of vertical alignment over more than two growth 
periods. The vertical alignment of the QDs is driven by 
the minimization of the free energy of the InAs QDs and 
the corresponding WL. Consequently, the free energy per 
QD will be lower in the case of MD devices than for DD 
and SD devices, and thus the strain induced by the QDs 
is lower for MD devices. Thus, this strain will lift the 
energy levels of the QD system^ ., and the increase of PL 



energy in the order of MD, DD and SD devices can be 
qualitatively explained with a corresponding rise of the 
strain induced by the QDs. Since the size distribution 
in the QD ensembles causes PL broadening of at least 
40 meV, higher excited states of this dot overlap with 
the ground state emission of small dots peak and will 
be found at roughly 80 meV higher energies in the PL 
spectra. 

Fig. [S] exhibits the IV characteristic of the devices at 
4 K on a semi-logarithmic scale showing an asymmetric 
diode-like behavior. We observe that the dark current 
for the MD devices decreases by one order of magni- 
tude in descending order of MD-A, MD-B and MD-C. 
An even larger decrease of the dark current occurs in 
the order of MD-B, DD and SD. As expected, a dark 
current decrease is observed for the samples with AlAs 
barriers, which form the SL. In comparison to MD-A the 
electrons in MD-B moving in the first miniband have to 
tunnel through the AlAs barriers of the SL. For device 
MD-C the energetic position of the corresponding mini- 
band is lower compared to MD-B, for which reason the 
electrons in MD-C have to tunnel through a higher bar- 
rier. As a result the dark current decreases in the order 
of MD-A, MD-B and MD-C. This qualitative description 
is supported by the decreasing widths of the electronic 
subbands: A = 100 meV for MD-A, A = 30 meV for 
MD-B and A = 5 meV for MD-C. 
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Figure 8: Current-voltage (IV) characteristics of devices MD- 
A, MD-B, and MD-C (Inset: MD-B, DD, SD). All devices 
show an asymmetric diode like behavior. The IV shape 
changes drastically between MD, DD and SD devices. 

We attribute the drastic decrease for the DD and SD 
devices to a decreasing influence of the dots for electronic 
transport within the SL. The strict periodicity of the MD 
devices is broken for the SD and DD devices. Even if the 
AlAs barriers continue to be arranged with a period of 
11 nm, single or double dot layers are now spaced by 33 
and 44 nm, respectively. Our calculations underline the 
fact that the SL cannot be treated independently from 
the dots, i.e. if the strict periodicity of the SL with one 
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dot per period is broken we will find a system, where 
some periods are modified by the dots, while the periods 
without dots behave rather like a normal one dimensional 
SL with different energetic properties. Thus we will have 
a vertical misalignment of the quasi-continuum states, 
i.e. the minibands, leading to reduced dark currents as 
well as to lower photocurrents. 

Fig. [5] shows the PC spectra of MD devices at 4 K, 
which are characterized by a single main peak at around 
225 meV (device MD-A, MD-C) and at 247 meV (de- 
vice MD-B). The width of these peaks amounts approx- 
imately to 40 meV for devices A, B and C, respectively. 
As theoretically investigated above, this transition can be 
labeled as ionisation energy of the QD ground states to 
either the continuum or the blue shifted quasi-continuum 
of the SL structure. The broadening represents the size 
distribution of the QD ensemble, to the extend that 
this broadening is much larger than the auto ionisation 
width of the resonance. Without vertical coupling of the 
QDs the situation becomes more complex and several 
PC peaks in the energy range between 170 meV and 
320 meV can be observed (fig. DD and SD). This 
is not surprising, because the QDs distort quite heavily 
the energy scheme of the the SL structure periods with 
dots as compared to the periods without dots. Thus, 
electron transport along the growth direction becomes 
more difficult, consequently decreasing the photocurrent 
signal. Due to the changing energetic structure from pe- 
riods with dots to SL structure periods without dots and 
the related miniband split up, additional transitions oc- 
cur, which are beyond the scope of our theory. However, 
the change from the single peak PC signal in the MD 
case to the multipeak signal in the SD and DD devices 
underlines the strong influence of dots within a SL struc- 
ture. 
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Figure 9: a) Photocurrent spectra in the mid-infrared re- 
gion, b) Far-infrared spectra: The double peak structure is 
attributed to the shape asymmetry of the QDs. 

Additionally, for the second sample set the energy re- 



gion around 60 meV was investigated under normal in- 
cidence illumination. From the computational approach 
we would expect an x or y polarization dependent ab- 
sorption in this energetic region for a bound-to-bound 
transition, which is equivalent of the S — P atomic ab- 
sorption. The shape anisotropy, which is responsible for 
the polarization dependence, causes additionally an en- 
ergy difference between the x and the y transition. The 
PC measurement exhibits such a double peak structure 
with an energy separation of approximately 7 meV in all 
three devices as shown in fig. Eh>. It is important to state 
that the PC signal is very weak in this measurement since 
the photo-electrons can only contribute to the signal if 
they can escape from the excited bound state by thermal 
activation. However, the double peak structure could 
be confirmed by transmission experiments on a sample 
similar to the SD device. The striking feature in this 
measurement is the homogeneity of the absorption peaks 
in all three samples. Despite the differences in the inter- 
band transitions and PL linewidths above 40 meV, the 
intersublevel transition can be found at the same spectral 
position and shows broadening of only 5 me\42£*2i. 
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Figure 10: Polarization dependence of the photocurrent peak 
maximum. The inset shows the waveguide structure of the 
device with corresponding polarization axes. 

Since the calculations allow predictions about the po- 
larization dependence of the mid-infrared absorption we 
studied the ionization transition at 250 meV for MD-B 
under TM and TE polarization, i.e. TM is polarized 
parallel to the growth direction, while TE corresponds 
to normal incidence. Fig EH exhibits a clear preference 
of the absorption for the TM illumination like predicted 
by our calculations. Since a small part of the oscillator 
strength is left for the TE absorption, the degree of po- 
larization does not drop to zero for this polarization. The 
TM illumination carries a small share of TE polarization 
due to the chosen waveguide geometry. These TE shares 
together with the noise properties of the setup explain 
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why the measured photocurrent at a polarization angle 
of 90° is roughly two times larger than predicted by the 
theory 

Finally, the suitability of the various device architec- 
tures for infrared photodetectors should be briefly dis- 
cussed. Despite all devices are able to detect infrared 
light in normal incidence geometry, with or without SL, 
TM geometry for the ionization transition dominates 
clearly the PC signal in our devices. Our calculations 
show that this property is introduced by the QDs them- 
selves and not by the SL. However, these calculations 
indicate that transitions from a QD ground state to the 
next excited QD state prefer in-plane polarized light, i.e. 
normal incidence. Using dots with a bound ground state 
but excited states in the SL quasi-continuum should lead 
to devices with strong PC signals under normal incidence. 
In comparison with SD and DD devices, there is a clear 
preference for MD devices. Although SD and DD devices 
have extremely low dark currents, their PC spectrum is 
complex, difficult to predict and of comparatively low 
intensity. Also, the PC spectra of MD devices are char- 
acterized by an intense single peak, which position can 
be easily tuned by changing the SL parameters. 



V. CONCLUSIONS 

In summary, we presented an advanced method to de- 
sign QD based devices by combining the self-organized 



growth of QD with band gap engineering. In detail, in- 
frared photodetectors made of either vertically stacked 
InAs QDs or isolated single and double QDs embedded in 
an AlAs/GaAs SL were realized. The spectral response 
was predicted and modified by changing the transition 
energy from the QD ground state to the lowest miniband 
of the SL. The comparison between QD stacks and iso- 
lated QD shows a clear preference of QD stacks concern- 
ing the PC intensity and the possibility to design and to 
tune the spectral dependence of the infrared absorption. 
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